Magnetic and Diffusive Nature of LiFePO4  by Sugiyama, Jun et al.
 Physics Procedia  30 ( 2012 )  190 – 193 
1875-3892 © 2012 Published by Elsevier B.V. Selection and/or peer-review under responsibility of the organizing committee 
of the μsr2011 conference.
doi: 10.1016/j.phpro.2012.04.070 
12th International Conference on Muon Spin Rotation, Relaxation and Resonance
Magnetic and diﬀusive nature of LiFePO4
Jun Sugiyamaa,∗, Hiroshi Nozakia, Kazuya Kamazawaa, Oren Oferb, Martin Månssonc, Eduardo J. Ansaldob,
Jess H. Brewerd,b, Kim H. Chowe, Isao Watanabef, Yutaka Ikedog, Yasuhiro Miyakeg, Genki Kobayashih,
Ryoji Kannoh
aToyota Central Research and Development Labs. Inc., Nagakute, Aichi 480-1192, Japan
bTRIUMF, 4004 Wesbrook Mall, Vancouver, BC, V6T 2A3 Canada
cLaboratory for Neutron Scattering, ETH Zu¨rich and Paul Scherrer Institut, CH-5232 Villigen PSI, Switzerland
dDepartment of Physics and Astronomy, University of British Columbia, Vancouver, BC, V6T 1Z1 Canada
eDepartment of Physics, University of Alberta, Edmonton, AB, T6G 2G7 Canada
fMuon Science Laboratory, RIKEN, 2-1 Hirosawa, Wako, Saitama 351-0198, Japan
gMuon Science Laboratory, Institute of Materials Structure Science, KEK, 1-1 Oho, Tsukuba, Ibaraki 305-0801, Japan
hDepartment of Electronic Chemistry, Interdisciplinary Graduate School of Science and Engineering, Tokyo Institute of Technology, Yokohama
226-8503, Japan
Abstract
In order to elucidate the magnetism and Li diﬀusion in LiFePO4, we have measured muon-spin rotation and
relaxation (μ+SR) spectra for a polycrystalline LiFePO4 sample in the temperature range between 1.8 and 500 K.
Below TN ∼ 52 K, two oscillatory signals together with one fast relaxation signal were clearly found in the zero-
ﬁeld (ZF) μ+SR spectrum. The three signals are reasonably explained using an antiferromagnetic (AF) spin structure
proposed by neutron measurements, because electrostatic potential calculations suggests multiple diﬀerent muon sites
in the LiFePO4 lattice. However, the AF ordered moment estimated from μ+SR was about 3/4 of that reported by
neutron, probably due to a diﬀerent time window between the two techniques. In the paramagnetic state, ZF- and
longitudinal-ﬁeld (LF-) μ+SR spectra exhibited a dynamic nuclear ﬁeld relaxation. From the temperature dependence
of the ﬁeld ﬂuctuation rate, a diﬀusion coeﬃcient of Li+ ions (DLi) at 300 K was estimated about 3.6 × 10−10 cm2/s,
assuming that diﬀusing Li+ ions jump between the regular site and interstitial sites.
Keywords: , Self-diﬀusion and ionic conduction in nonmetals, Lithium-ion batteries, Diﬀusion, Muon-spin rotation
and relaxation
1. Introduction
Phospho-olivines, namely, LiFePO4 and related compounds are heavily investigated as a positive electrode mate-
rial for Li-ion batteries [1, 2, 3], because LiFePO4 shows high stability during lithium extraction/insertion and does
not deteriorate when used at moderately high temperatures. Here, the LiFePO4 olivine structure consists of a dis-
torted hexagonal close-packed (hcp) framework containing Li and Fe in octahedral sites and P in tetrahedral sites [see
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Fig. 1(a)] [4]. During the lithium extraction/insertion reaction, the Li+ ions are removed topotactically while main-
taining the topology of the FePO4 framework. The Li+ ions were found to diﬀuse along the b-direction by neutron
diﬀraction measurements on a Li-deﬁcient sample at high-T [5]. However, the dynamic nature of the Li+ ions is still
not clariﬁed, despite considerable eﬀort dedicated to fabricating Li-ion batteries using LiFePO4 as a positive electrode
material [2]. It is, therefore, highly required to estimate reliable DLi of LiFePO4 experimentally.
Concerning the low-T magnetic nature, neutron experiments revealed that LiFePO4 enters into a collinear AF
ground state below TN [4, 6, 7]. The magnetic moments of the four Fe ions present in the unit cell are paral-
lel/antiparallel to the b-axis with the ordered moment (μord) 4.19 μB at 2 K. Since such AF order generates a large
internal magnetic ﬁeld (Hint) at each moun site, we can expect a clear muon-spin precession signal in a zero-ﬁeld (ZF)
μ+SR spectrum below TN.
2. Experimental
A powder sample of LiFePO4 was prepared by a solid-state reaction technique using reagent grade Li2CO3,
Fe(II)C2O4·2H2O, and (NH4)2HPO4 as starting materials. A stoichiometric mixture of the raw materials was thor-
oughly mixed by a conventional planetary milling apparatus, and then, the mixture was sintered at 700◦C for 6 h
in a puriﬁed argon gas ﬂow. The μ+SR spectra were measured at the surface muon beam lines using the LAMPF
spectrometer of TRIUMF in Canada, the ARGUS spectrometer of ISIS/Riken-RAL in U.K., and the D-OMEGA1
spectrometer of MUSE/MLF/J-PARC in Japan. In TRIUMF, the approximately 500 mg powder sample was placed
in an envelope with 1 cm×1 cm area, which is made of very thin Al-coated Mylar tape, and then the envelope was
attached to a low-background sample holder in a liquid-He ﬂow-type cryostat in the T range between 1.8 and 250 K.
In Riken-RAL and J-PARC, a ∼ 2 g powder sample was pressed into a disc with 27 mm diameter and 1 mm thickness,
and packed into an Au O-ring sealed titanium cell. The window of the cell was made of a Kapton ﬁlm with 50 μm
thickness. The cell was mounted onto the Cu plate of a liquid-He ﬂow-type cryostat in the T range between 10 and
500 K.
3. Results and Discussions
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Figure 1: (a) The orthorhombic crystal lattice of LiFePO4, (b) T dependence of the ZF-μ+SR time spectra, and (c) the Fourier transform of the
ZF-spectrum at the lowest T measured.
Figure 1(b) shows the T -dependence of the ZF time-spectrum in an early time domain for LiFePO4 and the Fourier
transform frequency-spectrum of the ZF time-spectrum at the lowest T measured. The time-spectrum shows a clear
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Figure 2: T dependences of (a) the muon-spin precession frequencies ( fAF1 and fAF2), (b) the normalized asymmetries (Ai/A0), and (c) the ratio
between fAF1 and fAF2, and AAF1 and AAF2. Here, the ZF-μ+SR spectrum was ﬁtted by; A0PZF(t) = AAF1 cos(2π fAF1t + φ1) exp(−λAF1t) +
AAF2 cos(2πAF2t + φ2) exp(−λAF2t) + Afast exp(−λfastt) + Aslow exp(−λslowt).
oscillation below TN, and the frequency-spectrum indicates the existence of two oscillatory signals with ∼ 45 MHz
and ∼ 90 MHz at 1.8 K. In addition, there is a vey fast relaxing signal in the initial 0.01-0.02 μs in the time-spectra. In
fact, the ZF-spectra were well ﬁtted by a combination of two exponentially relaxing cosine oscillations for the static
internal ﬁeld and two exponentially relaxing non-oscillatory signals.
Figures 2(a)-2(c) show the T dependences of the ZF-μ+SR parameters. The two fAFi(T ) curves [Fig. 2(a)] exhibit
an order-parameter-like T -dependence. That is, as T decreases from TN, both fAF1 and fAF2 increase monotonically
down to the lowest T measured with decreasing slope (d fi/dT ). Furthermore, the T dependence of fAF1 is found to be
very similar to that of fAF2. In fact, the ratio fAF1/ fAF2 is 2.1 below TN, as seen in Fig. 2(c). If we employ a mean-ﬁeld
theory for the fAFi(T ) curves in the T range between 20 K and 50.1 K, i.e. fAFi/ fAFi(0 K) = [(TN − T )/TN]β, the
critical exponent (β) is estimated as 0.244(2) and TZFN as 50.20(2) K. These values are consistent with those obtained
by neutron measurements in the same T range, [βneutron = 0.27(3) and T neutronN = 50.0(5) K] [7].
The four asymmetries are also T -independent below ∼ 40 K [Fig. 2(b)]. In particular, since Aslow ∼ 1/3, Aslow is
most likely as a “1/3 tail” signal caused by the ﬁeld component parallel to the initial muon-spin polarization. It should
be noted that the Afast signal is the largest among the four asymmetries.
In the paramagnetic state above TN, the ZF-μ+SR spectrum consists of a fast relaxation due to paramagnetic Fe
moments (HFeint) and a slow relaxation due to a nuclear magnetic ﬁeld (H
N
int) caused by
6Li and 7Li. In order to know the
change in HFeint and H
N
int with T , the ZF- and LF-spectra were ﬁtted simultaneously by a combination of an exponential
relaxation signal caused by HFeint, an exponentially relaxing dynamic Gaussian KT function [G
DGKT(Δ, ν, t,HLF)] caused
by a ﬂuctuating HNint due to Fe moments and Li diﬀusion [8], and an oﬀset background (BG) signal from the fraction
of muons stopped mainly in the sample cell, which is made of high-purity titanium.
Figure 3 shows the T dependences of μ+SR parameters. As T increases from 100 K, Δ is almost T -independent
until 200 K, and decreases slightly with T , then ﬁnally levels oﬀ to a constant value (∼ 0.1×10−6 s−1) above ∼ 300 K.
On the other hand, ν starts to increase above around 150 K with increasing slope (dν/dT ), reaches a maximum at
260 K, and then decreases with further increasing T . Then, ν also becomes T -independent at T above 325 K.
It should be noted that there is no structural change around 260 K, according to neutron diﬀraction measurements
[6]. Moreover, detailed structural analyses of the XRD data, which was obtained in a synchrotron radiation X-ray
source (SPring-8), revealed a monotonic T dependence of both the Fe-O bond length and Fe-O-Fe angle in the T
range between 100 and 300 K. Then, if muons start to diﬀuse above 150 K and such diﬀusion is responsible for the T
dependence of ν, it is very diﬃcult to explain the static nature above 325 K. Therefore, the most reasonable scenario is
that the Li+ ions start to diﬀuse above 150 K and their diﬀusion rate increases with T . Above 260 K, since ν becomes
rather large compared with Δ, such diﬀusion is too fast to be visible by μ+SR. As a result, ν decreases with T above
260 K, and ﬁnally, ν (Δ) corresponds to the nuclear ﬁeld ﬂuctuation rate (nuclear ﬁeld distribution width) mainly by
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Figure 3: The temperature dependences of (a) the ﬁeld distribution width (Δ) and ﬁeld ﬂuctuation rate (ν) and (b) the normalized asymmetries
(Ai/A0) for LiFePO4. Here, the ZF- and LF-μ+SR spectra were ﬁtted by; A0PLF(t) = AF exp(−λFt) + AKTGDGKT(Δ, ν, t,HLF) exp(−λKTt) + ABG.
ABG = 0.0247(1) in the whole T range measured.
31P. Such ν and Δ are naturally static, because the P ions form the PO4 tetrahedra in the lattice.
Finally, we attempt to evaluate a diﬀusion coeﬃcient of Li+ ions (DLi) using the present μ+SR result. Here, the
regular Li site is fully occupied by Li, we naturally consider only the jump to interstitial sites. The electrostatic
potential calculations suggest two possible interstitial sites for Li diﬀusion. Assuming that ν corresponds to the jump
rate of the Li+ ions between the neighboring sites [10], the magnitude of DLi is calculated as 2.3 × 10−10 cm2/s at
263 K, and is estimated as 3.6×10−10 cm2/s at 300 K by extrapolation of the linear ﬁt of the ln[DLi]-versus-T−1 curve
with the activation energy (Ea) 99 meV.
Acknowledgments
We thank the staﬀ of J-PARC, ISIS and TRIUMF for help with the μ+SR experiments. We also thank the staﬀ
of SPring-8 for help with the XRD experiment, which was approved by the Japan Synchrotron Radiation Research
Institute (Proposal No. 2010B1806). Moreover, we thank K. Nishiyama of KEK for discussion. JHB is supported at
UBC by NSERC of Canada, and (through TRIUMF) by NRC of Canada, KHC by NSERC of Canada and (through
TRIUMF) by NRC of Canada. All images involving crystal structure were made with VESTA [11].
References
[1] A. K. Padhi, K. S. Nanjundaswamy, and J. B. Goodenough, J. Electrochem. Soc. 144, 1188 (1997).
[2] W.-J. Zhang, J. Power Sources 196, 2962 (2011), and references cited therein.
[3] C. M. Julien, A. Ait-Salah, A. Mauger, and F. Gendron, Inoics 12, 21 (2006).
[4] R. P. Santoro and R. E. Newnham, Acta Crystallogr. 22, 344 (1967).
[5] S. Nishimura, G. Kobayashi, K. Ohoyama, R. Kanno, M. Yashima, and A. Yamada, Nature Materials, 7, 707 (2008).
[6] G. Rousse, J. Rodriguez-Carvajal, S. Patoux, and C. Masquelier, Chem. Mater. 15, 4082 (2003).
[7] J. Li, V. O. Garlea, J. L. Zarestky, and D. Vaknin, Phys. Rev. B 73, 024410 (2006).
[8] T. Matsuzaki, K. Nishiyama, K. Nagamine, T. Yamazaki, M. Senba, J. M. Bailey, and J. H. Brewer, Phys. Lett. A, 123, 91 (1989).
[9] K. M. Kojima, J. Yamanobe, H. Eisaki, S. Uchida, Y. Fudamoto, I. M. Gat, M. I. Larkin, A. Savici, Y. J. Uemura, P. P. Kyriakou, M. T.
Rovers, and G. M. Luke, Phys. Rev. B 70, 094402 (2004).
[10] R. J. Borg and G. J. Dienes, in An Introduction to Solid State Diﬀusion, (Academic Press, San Diego, 1988).
[11] K. Momma and F. Izumi, J. Appl. Cryst. 41, 653 (2008).
